Cold-formed C-channel steel purlins are widely used in construction industry. Since the cost of the steel is the main consideration in design, the concept of introducing web opening has been applied in the construction. A numerical study was undertaken to investigate the lateral-torsional buckling behaviour of cold-formed C-channel purlin with web opening. For this purpose a finite element model was developed using LUSAS software. It was then used in a detailed parametric study to simulate the lateraltorsional buckling and capacity of cold-formed steel purlins under varying perforated conditions. Five different shapes of opening were established to investigate the shape that gives the least reduction in buckling moment. Opening in the form of C-hexagon opening shape was used to develop models with different edge distance, different numbers of openings, different opening spacing and also different size of openings. For 3 m span, 0.5D opening size, where D is 175 mm, 750 mm edge distance with a total number of 13 openings with spacing 125 mm is found to reduce buckling moment by 3.56% but at the same time reducing the volume of the section by 5.16%. For the same span, edge distance, number of openings and spacing with 0.75D opening size, buckling moment reduced significantly by 9.16% while volume reduction by 11.61%. For all different size of openings, spacing and edge distance, the deformation pattern are similar. In conclusion, perforation do affects the buckling moment capacity of the C-channel purlin.
Introduction
In the building industry, purlin is applied to the structural member that spans between frames onto which cladding is attached. The purlin is span horizontally and at right angles to, and spanning across rafter supports or roof truss supports. The roof cladding is fixed to the outside or top face. Bridging are stiffening members between the purlins to limit the lateral and rotational movement of the purlins. This movement is a form of buckling, and limitation of this buckling can dramatically increase the load carrying ability. Nowadays, there is an increase in steel demand in many construction industries. Due to this phenomenon, the price of steel is increasing. The price of steel is calculated based on the weight ordered from the manufacturer. Therefore, the cost and weight of the steel are major consideration during design stage of a project. In order to reduce the overall cost of the project, web opening concept for purlin was introduced to reduce its weight. If the weight from the top of the structure is reduced, it will result in fewer loads transferred to the column and therefore reduce the size of other parts of the structure. Cost analysis in the design of open-web castellated beams has been studied by Estrada et al. and was found that the application of openings can cut down substantial materials and construction costs [1] . Introducing web opening to C-channel steel purlin may affect its buckling behavior. Therefore, the analysis of lateral-torsional buckling behavior of cold-formed steel C-channel purlin with perforation has to be studied. Some studies on cold-formed steel sections with web openings has been carried out by Sivakumaran and was discovered that circular opening and square opening does not alter the strength significantly [2] . Perforation affects the ultimate capacity. The ultimate load capacity decreases with increasing opening sizes and increasing of the length of perforation, respectively [3, 4] . Additionally, finite element investigation was carried out by Liu and Chung to study steel beams with large web openings of various shapes and sizes [5] . Liu and Chung discovered that all the primary structural characteristics of steel beams with perforated sections are similar to each other even though with the difference in shapes and sizes of web openings. Furthermore, Sivakumaran et al. studied flexural strength of coldformed steel joists with reinforced web openings and concluded that circular opening has larger reduction in moment capacities as to rectangular openings [6] . The structural performance of the perforated sections is greatly affected by the opening shape, opening depth, critical length but not the web opening area in the case of non-standard web openings [7, 8] . The reduction in the stiffness associated with the sections with slotted perforations was lower than that for circular perforations with the same cross sectional area [9] . Steel reinforced concrete beams with a small opening subjected to pure bending can develop flexural strength as much as the beam without opening [10] . The transfer of forces around the opening lead to local vertical compression in the web would result in buckling if the depth-tothickness ratio of the web is high [11] . Wang and Zhang performed experimental and numerical investigation on coldformed steel C-section and concluded that the buckling mode is a key factor that influences the bending strength of specimens [12] . Wang and Zhang also discovered that the interaction between local and distortional buckling may result in an adverse effect on the bending strength. Vieira et al. Presented simplified models for cross-section stress demands on C-section purlins subjected to uplift loading [13] . Moreover, Li presented an analytical model for predicting the lateral-torsional buckling of cold-formed zed-purlins partial-laterally restrained by metal sheeting for both down and uplift loadings [14] . From Li's study, for the purlin subjected to pure bending, the lateral restraint provided by the sheeting has almost no effect on the lateral-torsional buckling of the member. And, for the purlin subjected to a uniformly distributed load, the lateral restraint provided by the sheeting has a various influence on the lateral-torsional buckling of the member. At the same year, Chu et al. also proposed an analytical model for predicting the lateral-torsional buckling of thin-walled channel beams that are partially laterally restrained by metal sheeting and subjected to uplift loading [15] . Chu et al. found that moment gradient has significant influence on the critical buckling load of the channel-section beam. The critical buckling moment in the pure bending case is less than half of the critical moment (maximum moment when the lateral-torsion buckling occurs) in the uniformly distributed load case. The loading position has momentous influence on the critical buckling load of channel-section beams. The closer the loading point to the shear centre, the lower the critical buckling load. Last but not least, a detailed investigation into the behaviour of cold-formed steel lipped channel beams subjected to local and lateral-torsional buckling effects at both ambient and elevated temperature was presented by Kankanamge [16] .
Nomenclature
The review of these papers suggests that lateral-torsional buckling studies of cold-formed steel purlin sections are limited. No study has been reported on the buckling behaviour of C-channel purlin with perforations. Further studies are required to establish the behaviour of C-channel steel purlin with perforations. Hereafter, the main focus of this paper is to carry out the finite element investigation to investigate the moment buckling resistance for cold-formed Cchannel steel purlin with perforation of various size and shape. Besides, the effect of edge distance and spacing of opening is also studied in this paper.
Finite element investigation
A total of 68 models have been developed in this study to investigate the effect of perforation to the cold-formed C-channel section. In this paper, a numerical model for predicting the lateral-torsional buckling of cold-formed steel members is presented. C-lipped section of D= 175 mm, B= 75 mm, x= 20 mm and t= 2.3 mm was adopted throughout this research program. Finite element software LUSAS version 14 was carried out to establish the numerical simulations. Quadrilateral thin shell semi-loof element, which is known as QSL8 in the LUSAS element library, is employed to model all the components of a typical lipped C-channel section. The density and the configuration of the finite element mesh were determined based on results obtained from convergence studies in order to get more accurate solution, besides, minimizing the computational effort.
The material properties of the FE model were the same for all specimens. For this study, linear elastic properties of the material were taken as 210 GPa for Young's modulus and Poisson's ratio was set to 0.3. A uniformly distributed load, P is applied along the flange line at the top part of the flange in vertical y-axis direction. The section web at two ends is restrained so that it acts as fixed end support and the number of eigenvalue was set to 3. Edge distance is the distance that measured from the end edge of the purlin to the first centerline of the opening. Opening spacing is measured between two centerline of the opening. Fig. 1 shows the position of edge distance and opening spacing.
Eigenvalue buckling analysis is used to estimate the maximum buckling load that can be carried by the purlin before failure. Comparison between buckling behaviour of purlin with perforation is discussed. The following variables are studied:
i. Opening Shape ii.
Opening Size iii.
Edge Distance iv.
Spacing between two openings v.
Number of openings
There are 5 shapes of opening are drawn by referring to the research carried out by Liu and Chung [5] . These 5 shapes are stated below, as shown in Fig. 2 :
Regular Octagon iv.
Elongated Circle v. Diamond 
Results and discussions
Finite element analyses (FEA) cold-formed C-channel steel section subjected to lateral-torsional buckling was conducted, which provided their buckling moment capacity. The obtained buckling resistance moment, Mb of the Cchannel section without opening from the numerical study is 35.36 kNm, as shown in Table 1 . This value will be kept as a baseline condition throughout this study. For the study on various shape and size, two opening sizes are to be investigated, which are 0.50D and 0.75D. The results of these two opening sizes will be discussed in detail and compared. From Table 1 for opening size of 0.50D, it can be seen that section with C-Hexagon opening has higher buckling load compared to the other opening shape, where the buckling load is the product of eigenvalue and the uniformly distributed load. Higher buckling load leads to higher buckling resistance moment. Elongated circle opening has the lowest buckling resistance moment. This may be due to its largest opening length. Similar trend goes to opening size of 0.75D. Although section with C-hexagon opening has larger buckling resistance moment, it is still lower than that of the section without opening, with difference of 6.22% for 0.50D and 12.16% for 0.75D. Since the C-hexagon shape gives the least reduction in buckling resistance moment, it is selected for further analysis.
For study on effect of edge distance and opening spacing, two different span lengths are used, as illustrated in Fig.  3 . From Fig. 3(a) and (b) , it is apparent that perforation with edge distance of 750 mm has higher buckling resistance moment. Nevertheless, it can be seen that Mb increases gradually with the increase of opening spacing for each edge distance case. Similar trend can be seen for span length of 5.5 m, as shown in Fig. 3(c) and (d) , except for the edge distance of 2000 mm which shows a fall when opening spacing increases. The figure clearly presents that the factors affecting the buckling moment for the purlin are edge distance and also the spacing between two perforations. The edge distance gives the major effect on the buckling moment of the C-channel purlin. The larger the edge distance, the higher the buckling moment will be. The next factor affecting the buckling moment is the opening spacing. The further the distance between two perforations, the higher will be the buckling moment of the purlin. The reason that opening spacing is not the major issue affecting the buckling moment is that from the graph of Mb against Opening Spacing for 3m, opening size 0.75D, for the same opening spacing 150mm, the section with edge distance of 750mm having the higher buckling moment when compared to the section having edge distance of 300mm.
Volume reduction represents the reduction in the total weight of the section by percentage. The result shows that the larger the opening size, the larger the volume reduction, however, overly large opening size is found to be established larger reduction in the buckling moment of the section.
Therefore, to select the best section choice from the analysis, factors of opening size, edge distance, number of openings, and also opening spacing are considered. Although introducing opening at the web portion of the section causes reduction in the buckling moment, it can reduce the weight of the section effectively. The C-channel purlin with perforation can also withstand almost the same amount of load if compared to purlin without perforation because the reduction in buckling moment capacity is not more than 15%. 
Conclusion
After carrying out the analysis using finite element method, few conclusions can be drawn. The factors affecting the buckling moment capacity are edge distance, number of opening, and also the opening spacing. C-channel purlin with opening had lower buckling moment capacity than C-channel purlin without opening. Web profile with Chexagon shape opening shows smallest reduction on buckling moment capacity compared to circle, elongated circle, regular octagon, and diamond shapes of opening. Web profile with small web opening show insignificant difference of the buckling moment. As the opening size increases, the buckling moment capacity decreases. 
